The fluorescent proteinase transition-state analog inhibitor, dansyl-L-argininal (DnsArgH), may be a selective probe of cysteine and serine-type proteinases in a fibrosarcoma tumor cell line (HSDM1C1). DnsArgH binds with high affinity to proteinases because of its transition-state analog properties, and on association it gives a dramatically increased fluorescent yield. The DnsArgH binding is inhibited by the serine proteinase inhibitor diisopropyl fluorophosphate and by the cysteine proteinase inhibitor p-chloromercuribenzoate. Significant evidence exists for the role of proteolytic enzymes in malignant transformation, tumor cell invasion, and tumor cell metastasis (1-3). For example, treatment of normal cells with proteolytic enzymes can lead to the appearance of phenotypic characteristics in the untransformed cells that are similar to those of transformed cells (1, 4-7). In addition, proteolytic enzymes secreted from transformed cells may degrade host tissues into which the tumor cells invade, and may, through the degradation of surrounding tissue, promote tumor cell metastasis (1-3). Particular proteinases are reported to be secreted in larger amounts by transformed cells than their normal counterparts. These identified proteinases secreted by transformed cells include the serinetype proteinase plasminogen activator (1, 2, 8, 9), the lysosomal cysteine-type proteinase cathepsin-B (1, 10), and collagenolytic proteinases (1, 3) . The existence of a role for proteolytic enzymes in tumorigenesis and metastasis is supported by experiments in which these processes are shown to be inhibited by inhibitors of proteinase enzymes (1, 2).
Significant evidence exists for the role of proteolytic enzymes in malignant transformation, tumor cell invasion, and tumor cell metastasis (1) (2) (3) . For example, treatment of normal cells with proteolytic enzymes can lead to the appearance of phenotypic characteristics in the untransformed cells that are similar to those of transformed cells (1, (4) (5) (6) (7) . In addition, proteolytic enzymes secreted from transformed cells may degrade host tissues into which the tumor cells invade, and may, through the degradation of surrounding tissue, promote tumor cell metastasis (1) (2) (3) . Particular proteinases are reported to be secreted in larger amounts by transformed cells than their normal counterparts. These identified proteinases secreted by transformed cells include the serinetype proteinase plasminogen activator (1, 2, 8, 9) , the lysosomal cysteine-type proteinase cathepsin-B (1, 10), and collagenolytic proteinases (1, 3) . The existence of a role for proteolytic enzymes in tumorigenesis and metastasis is supported by experiments in which these processes are shown to be inhibited by inhibitors of proteinase enzymes (1, 2) .
Whereas a large amount of evidence exists for secretion into the extracellular environment of relatively high concentrations of proteinases by tumor cells, recent reports also document the existence of proteinase activity either associated with the outer cell membrane or membrane fractions within transformed cells (1, 2, (11) (12) (13) (14) (15) (16) (17) (18) (19) . Similar to the types of proteinases reported to be found secreted into extracellular fluid, both a neutral trypsin-like seine proteinase, which may be plasminogen activator (1, 2, (11) (12) (13) (14) (15) (16) , and a cathepsin-B cysteine proteinase (1, 17) have been reported. A high concentration of cell surface proteinases may provide an intimate mechanism by which the membrane of the transformed cell can both maintain malignant traits within the tumor and promote the degradation of surrounding tissue during tumor cell invasion and metastasis.
In this communication we report the development of a general proteinase fluorescent probe, dansyl-L-argininal (DnsArgH), which is capable of detecting both serine and cysteine proteinases with a primary site specificity toward arginine. Thus, both the neutral trypsin-like serine proteinases and the cathepsin-B-like cysteinyl proteinase, previously reported to be associated with transformed cells should be detected with DnsArgH. The fluorescent aldehyde binds to proteinases with a high affinity and selectivity because of the transition-state-like properties of the aldehyde proteinase association complex (20) (21) (22) (23) (24) (25) (26) , and only on association into the enzyme active site does DnsArgH give a high fluorescent yield. We have used DnsArgH to both visualize and quantify the concentrations of cysteine and serine trypsin-like proteinases in fibrosarcoma cells and normal fibroblasts.
MATERIALS AND METHODS
DnsArgH Synthesis. DnsArgH was prepared by first reaction (Nw-NO2)-L-arginine methyl ester (Sigma) with dansyl chloride by standard techniques to give Na-dansyl-(Nc@-N02)-L-arginine methyl ester, mp 114-116'C. The Ncr-dansyl-(N'@-N02)arginine methyl ester was reduced with diisobutyl aluminum hydride (Aldrich) in anhydrous tetrahydrofuran at -200C, according to the procedure of Ito et al. (27) , to Na-dansyl-(N@-NO2)-L-argininal. This product was worked-up as a bisulfite salt similar to the procedure of Thompson (28) in the synthesis of peptidylalaninal compounds, and then reacted with semicarbazide HCl in sodium acetate at 80'C to protect the aldehyde function as semicarbazone, yielding Na-dansyl-(N@-N02)-L-arginine semicarbazone, mp 175-1780C. The Nw-NO2 group was removed by reduction in a Parr Hydrogenator (H2 at 20 psi; 1 psi = 6.89 kPa) in methanol/water/acetic acid (16:2:1) over palladium black, yielding dansyl-L-arginine semicarbazone acetate, mp 143-145°C (crystallized from ethanol/ethyl ether). Finally, the semicarbazone protection was removed in methanol/2 M HCI/formaldehyde, as described for the synthesis of leupeptin (27) . The solution was brought to pH 7.0, and the product was extracted with methylene chloride, dried, and concentrated, yielding dansyl-L-argininal-HCl, crystallized from ethanol/ethyl ether, mp 180-185°C. TLC on silica gel G plates in CHCl3/CH30H/acetic acid (15:5:1) gave two spots at Rf = 0.54 and 0.58 due to the probable presence of both the free aldehyde and cyclized carbinolamine tautomeric forms of argininal, as described for leupeptin (29 tTo whom reprint requests should be addressed.
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syl-L-argininalbHCl): C, 50.52; H, 6.12 ; N, 16.36 The effect of glutaraldehyde on the fluorescence emission of DnsArgH-trypsin complexes was evaluated to facilitate the use of glutaraldehyde-fixed cells for fluorescence microscopy. Trypsin (0.1 ,M) and DnsArgH (0.11 mM) were stirred in 1.5 ml of P,/NaCl to which 1.5 ml of 0.1 M cacodylatebuffered 2.5% glutaraldehyde was added, and fluorescence was measured between 400 and 600 nm.
Fluorescence Microscopy. Cells maintained in 75-cm2 flasks were recovered by mild (0.1%) trypsinization and replated onto nonfluorescing 5-mm diameter Aklar plastic discs. Cells were grown in complete medium but were transferred to serum-free medium for 24 hr prior to the following procedure. Discs were examined by inverted phase contrast microscopy to determine that the discs were preconfluent. Prior to further treatment, the discs containing the cells in logarithmic-phase growth were fixed in cold 0.1 M cacodylate-buffered 2.5% glutaraldehyde (pH 7.4) for 1 hr. The discs were rinsed with Pi/NaCl (pH 7.4) and placed in Pi/ NaCl containing either 1 mM iPr2P-F or 1 mM ClHgBzO for 20 min. Other discs were not exposed to either iPr2P-F or ClHgBzO prior to incubation in DnsArgH. The discs were then removed from the incubation solution and placed on glass slides with a drop of P1/NaCl. Coverslips were placed on the slides and they were observed by dark-field fluorescence microscopy using a UG-1 exciter filter and barrier filter 50 (Zeiss). All fluorescent photomicrographs were acquired by standardizing the length of exposure so that semiquantification of the cell fluorescence would be attained.
RESULTS
Peptidyl aldehyde analogs of specific substrates of serine and cysteine proteinase form covalent hemiacetal or thiohemiacetal complexes of high relative stability with the serine or cysteine nucleophile, respectively, of the proteinase active site.
The formation of such a reversible hemiacetal or thiohemiacetal complex is shown in Eq. 1, in which RCH=O is the peptidyl aldehyde inhibitor, E-X is the active site nucleophile (serine -OH or cysteine YS-) of the respective enzyme, IA is the tetrahedral oxanion intermediate, and IIB is the stable tetrahedral hemiacetal or thiohemiacetal complex between aldehyde and enzyme (21, 26) . Structure TIB contains a tetrahedrally liganded carbonyl carbon (Sp3 electronic configuration) similar to the proposed structure of the reactive carbonyl carbon in the transition-state of peptide hydrolysis (20) (21) (22) (23) (24) (25) (26) . Thus, the complex of peptidyl aldehydes with enzyme mimics the transition-state configuration in substrate hydrolysis, and DnsArgH is a transition-state analog inhibitor. Transition-state analog inhibitors are predicted to have affinity to enzyme active sites orders of magnitude higher than even the natural substrates of the enzyme (31, 32) . In agreement with a mechanism of transition-state analog binding for peptidyl aldehyde analogs of specific proteinase substrates, the affinity constants found for peptidyl aldehyde associations are 102_105 times greater than those of analogous peptide substrates to the enzyme (20) (21) (22) (23) (24) (25) (26) . In accord with this expectation, we found an equilibrium dissociation constant of 4.37 
and papain as a model for the cysteine-type proteinases. Fig.  1 shows a typical fluorescent emission spectra between 400 nm and 600 nm on excitation at 330 nm from a solution of 0.1 ttM trypsin or papain and 0.11 mM DnsArgH. Under these conditions, the DnsArgH concentration is in excess of the equilibrium dissociation constants of DnsArgH to the respective enzymes, and the enzyme active sites are >90% saturated by DnsArgH. Neither DnsArgH nor the enzyme alone has an observable fluorescence under the conditions of observation. Thus, DnsArgH only exhibits an observable fluorescence on binding to the enzyme.
iPr2P-F is known to specifically modify the active site serine of serine proteinases, and ClHgBzO specifically modifies the active site cysteine of cysteine proteinases (33) . When trypsin and papain were preincubated with 1 mM iPr2P-F and ClHgBzO, respectively, prior to the addition of DnsArgH, no fluorescence was observed. These results support the mechanism of Eq. 1, which requires an unmodified serine or cysteine active site nucleophile for formation of the high-affinity adduct (structure IIB). Thus, DnsArgH binding is active-site directed, and its binding and fluorescence emission is completely inhibited by iPr2P-F in the serine proteinase and by ClHgBzO in the cysteine proteinase.
To ascertain whether glutaraldehyde interferes with the reaction of DnsArgH, the effect of glutaraldehyde on the reaction of DnsArgH with papain and trypsin was studied under the same conditions used in the treatment of cells for microscopy. We observed a decrease offluorescence of only 10% in the presence of 2.5% glutaraldehyde. Accordingly, the presence of the nonspecific aldehyde, glutaraldehyde, does not significantly inhibit the binding of the active-site directed DnsArgH to papain or trypsin, thus indicating that glutaraldehyde fixation of cells for microscopic observation does not significantly alter binding of DnsArgH to cell proteinases.
Quantification of Proteinase Concentrations by Spectrofluorimetry. Fig. 4 shows the DnsArgH-treated fibrosarcoma cells that are preincubated for 20 min prior to the addition of DnsArgH with 1 mM iPr2P-F. Similar results were obtained using ClHgBzO as an inhibitor. In the iPr2P-F-or ClHgBzO-pretreated cells, the fluorescence appears similarly distributed over the whole cell. However, the fluorescence is significantly decreased in cells pretreated with iPr2P-F or ClHgBzO, confirming the result obtained in the spectrofluorimeter (Fig. 2) . cell surface, has been reported (11) (12) (13) (14) (15) (16) (17) . However, the generalized pattern of distribution and the amounts of both serine and cysteine arginine-specific proteinases have not previously been shown. Other techniques localize specific proteinases both on and within cells (17, 34) . However, unlike the use of immunochemical techniques for the identification of a particular type of protein, this technique allows one to probe the entire class of arginine-specific cysteine and serine proteinases. The known high affinity of peptidyl aldehydes to serine and cysteine proteinases with equilibrium dissociation constants in the range of 10-5 to 10-10 M (20-26, 31, 32) argues that at the low DnsArgH concentration used in this investigation the proteinase active sites will be near saturated and nonspecific interactions are minimized. In addition, the complete inhibition of observable fluorescence by the active-site modifying agents iPr2P-F and ClHgBzO in serine and cysteine proteinase, respectively, shows that the binding of DnsArgH occurs by an active-site directed mechanism.
While the localization of the proteinase that interact with DnsArgH cannot be pinpointed by the current data, the evidence may suggest that the association is primarily with outer membrane-associated proteinases and not with intracellular proteinases for the following reasons.
(i) The appearance of fluorescence in the spectrofluorimeter is immediate-within the mixing time of the experiment. Furthermore, over the time course of observation (=1 hr), the fluorescence yield between 400 nm and 600 nm remains constant. These observations in combination with those discussed below argue for a surface interaction, as it is expected that membrane transport would be slower than the 20-30 sec mixing time in the spectrofluorimeter experiment.
(ii) DnsArgH is cationic and would not be expected to rapidly diffuse across lipid bilayers or membranes.
(iii) Whether iPr2P-F and ClHgBzO primarily react with cell surface proteinases or with both cell surface proteinases and intracellular proteinases is unclear and may depend on the physiological state and type of cell (35) . However, it has been recently shown by DiStefano et al. (14) that on treatment of Walker-256 cells with radiolabeled iPr2P-F, the label is primarily found associated with proteinase on the outer cell membrane. This result may support a similar cell membrane reaction for iPr2P-F with the fibrosarcoma cell.
(iv) The distribution of DnsArgH as shown by fluorescence microscopy may support a cell membrane localization. If DnsArgH enters the cell, one could expect a localized fluorescence due to differences in proteinase concentrations associated with various organelles such as lysosomes. Our fluorescence photomicrographs reveal no localization of fluorescence in lysosome-like structures even after iPr2P-F Proc. NatL. Acad. Sci. USA 81 (1984) 1139 pretreatment and subsequent incubation in DnsArgH. iPr2P-F-uninhibitable lysosomal enzymes, such as cathepsin B, would be expected to be clearly visualized after serine proteinase inhibition with iPr2P-F by fluorescence microscopy had DnsArgH entered the cell. By comparison, the uptake of both pepstatin and peptidyl substrates for lysosomal or rough endoplasmic reticulum localization of cathepsins D and B, respectively, has been shown by Matthews et al. (34) and Graf et al. (36) . Their photomicrographs show a granular intracellular fluorescence analogous to the localization of lysosomes by nonspecific staining (37) . In contrast, the DnsArgH fluorescence in our photomicrographs does not appear discretely localized in regions of the cell and is similar to photomicrographs of Sylven et al. (17) who visualized cathepsin B at or near the cell surface using fluorescent antibodies. Similarly, a diffuse cellular fluorescence using antibodies to cathepsin D may also suggest cell membrane localization (38) .
Although the above arguments appear to support a cell membrane localization for the DnsArgH-interacting proteinases, based on the photomicrographs alone the arguments must be considered speculative. The major evidence for an outer surface interaction is the fast time course of the appearance of the high steady-state fluorescence during interaction with DnsArgH. However, the question of proteinase localization requires further investigation.
The quantification of proteinase concentration per cell, based on the fluorescence yield from DnsArgH-trypsin or DnsArgH-papain, indicated 7 x 10-16 to 7 x 10-17 mol of proteinase per cell. Assuming the DnsArgH-reactive proteinases are primarily in the outer membrane, one can calculate the approximate percentage of total cell surface area occupied by proteinase. Assuming a 15-gm radius for the cell, the total surface area is calculated to be 3000 /Im2. Then, assuming that each proteinase molecule occupies an area of radius 15 A on the cell surface, the total surface area occupied by 7 x 10-17 mol of proteinase would be 300 pum2 or 10% of the surface area. If the radius were slightly larger and the outer membrane invaginated, the percentage surface area occupied by proteinase would be less. In any case, an assumption of a surface membrane localization for the DnsArgH-binding proteinases gives a high concentration of surface proteinase in the range of the concentrations found for protein lectins on cell surfaces (39) and for cholinergic receptor protein in the subsynaptic membrane surface of the Electrophorus electroplax (40) . A high concentration of proteinases may be essential for the migration potential and general proteolytic functions of the fibrosarcoma cell.
Considering the alternative possibility that the DnsArgH proteinase interaction is primarily intracellular, a similar calculation assuming a 15-,um cell radius and 7 x 10-17 mol of proteinase per cell gives an intracellular proteinase concentration of 5 X 10-6 mmol/cm3. Accordingly, whether the DnsArgH-detected proteinase is localized within the cell, on the outer surface, or associated with both regions of the cell, the fluorescence yield shows cell proteinase molecules to be in relatively high concentration.
In conclusion, we have shown that the fluorescent proteinase transition-state analog inhibitor DnsArgH can apparently both quantify and visualize serine and cysteine proteinases. The data show a high concentration of proteolytic enzymes in the tumor cell that is 4-fold greater than in control cells, supporting hypotheses arguing for a role of proteinases in malignancy (1) (2) (3) (11) (12) (13) (14) (15) (16) (17) (18) . Proteinase probes such as DnsArgH should be useful not only in the study of the role of proteinases in transformed cells but, more generally, in the study of proteinase activity during cell cycle events.
